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INTRODUCTION 

The Standard Model (SM) cannot be the ultimate theory 
of particle physics. While describing direct experimental 
data reasonably well, it fails to include gravity, it does 
not provide cold dark matter, and it has no solution to the 
hierarchy problem, i.e. it does not have an explanation 
for a Higgs-boson mass at the electroweak scale. 

Theories based on Supersymmetry (SUSY) HJ are 
widely considered as the theoretically most appealing ex- 
tension of the SM. They are consistent with the approx- 
imate unification of the gauge coupling constants at the 
GUT scale and provide a way to cancel the quadratic di- 
vergences in the Higgs sector hence stabilizing the huge 
hierarchy between the GUT and the Fermi scales. Fur- 
thermore, in SUSY theories the breaking of the elec- 
troweak symmetry is naturally induced at the Fermi 
scale, and the lightest supersymmetric particle can be 
neutral, weakly interacting and absolutely stable, pro- 
viding therefore a natural solution for the dark matter 
problem. SUSY predicts the existence of scalar partners 
fiifR to each SM chiral fermion, and spin-1/2 partners 
to the gauge bosons and to the scalar Higgs bosons. The 
Higgs sector of the Minimal Supersymmetric Standard 
Model (MSSM) with two scalar doublets accommodates 
five physical Higgs bosons. In lowest order these are the 
light and heavy "^.^-even h and H, the "^.^-odd A, and 
the charged Higgs bosons H^. So far, the direct search 
for SUSY particles has not been successful. One can only 
set lower bounds of ^(100) GeV on their masses |2]. 

Besides the direct detection of SUSY particles (and 
Higgs bosons), physics beyond the SM can also be 
probed by precision observables via the virtual effects 
of the additional particles. Observables (such as particle 
masses, mixing angles, asymmetries etc.) that can be pre- 
dicted within the MSSM and thus depend sensitively on 
the model parameters constitute a test of the model on 
the quantum level. The most relevant electroweak preci- 
sion observables (EWPO) in this context are the W bo- 



son mass, Mv^, the effective leptonic weak mixing an- 
gle, sin^ 9^s, and the anomalous magnetic moment of the 
muon, a^i = {g -2)^/2. Since the lightest MSSM Higgs 
boson mass, M/, can be predicted, it also constitutes a 
precision observable. An overview of SUSY effects on 
EWPO can be found in Ref. |3]. 

An example how the EWPO can restrict the SM or 
the MSSM parameter space is shown in Fig.[T] 's'Hl 
The plot compares the the combined prediction for Mw 
and sin^ dgg in the SM and the MSSM. The predictions 
within the two models give rise to two bands in the Mw- 
sin^ 0eif plane with only a relatively small overlap sliver 
(indicated by a dark-shaded (blue) area in Fig. [T]). The al- 
lowed parameter region in the SM (the medium-shaded 
(red) and dark-shaded (blue) bands) arises from vary- 
ing two parameters: the mass of the SM Higgs boson, 
from Mfj^ = 114 GeV, the LEP exclusion bound |6] to 
400 GeV as indicated by an arrow; the other parame- 
ter is the top quark mass, which has been varied from 
165 GeV to 175 GeV, which is also indicated by an ar- 
row, where the current experimental value is m™^ = 
172.4 ± 1.2 GeV ff]. The light shaded (green) and the 
dark-shaded (blue) areas indicate allowed regions for the 
unconstrained MSSM, obtained from scattering the rele- 
vant parameters independently \3] . The decoupling limit 
with SUSY masses of ^?(2 TeV) yields the upper edge of 
the dark-shaded (blue) area. Thus, the overlap region be- 
tween the predictions of the two models corresponds in 
the SM to the region where the Higgs boson is light, i.e. 
in the MSSM allowed region (M,, < 135 GeV UM). In 
the MSSM it corresponds to the case where all superpart- 
ners are heavy, i.e. the decoupling region of the MSSM. 
The current experimental limits lilOlll 111 . 

M^P = 80.399 ±0.025 GeV , (1) 
sin^ = 0.23153 ± 0.00016 (2) 



The plot is an update from Ref. (^. 



are indicated in the plot. As can be seen from Fig.[Tl 
the current experimental 68% C.L. region for Mw and 
sin^ 0eff exhibits a slight preference of the MSSM over 
the SM. 
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FIGURE 1. Prediction for Mw and sin^ Seff in the MSSM 
and the SM (see text) f3]. Also shown are the present experi- 
mental results for and sin^ 6gff at the 68% C.L. 

Other important ingredients for the determination of 
SUSY mass scales from current experimental data are 
B-physics observables (BPO), see e.g. Refs. and 
the abundance of cold dark matter (CDM) in the early 
universe iH, where the lightest SUSY particle (LSP), 
assumed to be the lightest neutralino, is required to give 
rise to the correct amount of cold dark matter (CDM). 

The dimensionality of the parameter space of the 
MSSM is so high that phenomenological analyses of- 
ten make simplifying assumptions that reduce drasti- 
cally the number of parameters. One assumption that is 
frequently employed is that (at least some of) the soft 
SUSY-breaking parameters are universal at some high 
input scale, before renormalization. One model based on 
this simplification is the constrained MSSM (CMSSM), 
in which all the soft SUSY-breaking scalar masses mo 
are assumed to be universal at the GUT scale, as are 
the soft SUSY-breaking gaugino masses mi ^2 ™d trilin- 
ear couplings Aq. Further parameters of this model are 
tanj3 = V2/V1, the ratio of the two vacuum expectation 
values and the sign of the Higgs mixing parameter ji. 
An interesting deviation from the CMSSM is that the 
soft SUSY-breaking contribution(s) to the Higgs scalar 
masses-squared, mjj (mj^^^ and mj^^), is allowed to differ 
from those of the squarks and sleptons, the non-universal 
Higgs model or NUHMl (NUHM2). Other "simplified" 
versions of the MSSM that are based on (some) uni- 
fication at a higher scale are minimal Gauge mediated 
SUSY-breaking (mGMSB) and minimal Anomaly medi- 
ated SUSY-breaking (mAMSB). 

There have been many previous studies of the 
CMSSM parameter space using EWPO, BPO and astro- 
physical data llilHOIilllillilll, partially using 



Markov-chain Monte Carlo (MCMC) techniques. These 
analyses extracted the preferred values for the CMSSM 
parameters They differ in the precision observables that 
have been considered, the level of sophistication of the 
theory predictions that have been used, and the way the 
statistical analysis has been performed (e.g. Bayesian vs. 
Frequentist). Many CMSSM analyses found evidence 
for a relatively low SUSY mass scale, but no strong 
preference for any tan f} region has been found. A mild 
preference for tanjS w 10 in the stau-coannihilation 
region was found in Refs. ll20ll2Tll22ll . Deviations may 
arise from differences in the treatments of the theoretical 
constraints imposed by the BR{b sj) and {g — 2)^ 
measurements, as analyzed in Ref. |21]. A comparison 
of Bayesian analyses yielding varying results using 
different priors was made in 11911 . The prior dependence 
can be avoided by the use of a pure likelihood analysis. 

More analyses have been performed focusing on other 
GUT based models such as the NUHM2 |l23tl, mGMSB 
and mAMSB [24J or finite models ll25ll . 



DETERMINATION OF SUSY MASSES 

As outlined above, many^ studies have been performed 
to determine the SUSY mass scales using EWPO, BPO 
and astrophysical data. Here we will review two recently 
obtained results |'2T, '2?] that are based on a Frequentist 
approach. However, they differ significantly in the choice 
of precision observables and the statistical methods. 

The study performed in Ref. 1^ compared the mod- 
els CMSSM, mGMSB and mAMSB. A relatively small 



set of precision observables, Mjy, sin ©eff. 



BR{b—^sy) andBR(B.v jX^jJ.^), was used to construct 
a "simple" function. No CDM bounds have been 
taken into account. The three models were scanned with 
10^ points each, randomly sampled over the respec- 
tive parameter space. The results for the best fit points 
are summarized in Tab.[T] It is interesting to note that de- 
spite mAMSB has one parameter less, the minimum 
value is lower by 1.5 — 2 compared to the CMSSM and 
mGMSB. A more detailed analysis of this effect is given 
in Ref. [24]. 

Furthermore shown in the last three rows of Tab. [T] are 
the best-fit values of the '^^ Higgs boson mass 
Ma, tanj3 and /x. They indicate that the heavy Higgs 
bosons corresponding to the best-fit parameter points of 
the CMSSM and mGMSB would be accessible at the 
LHC, whereas they would escape the LHC detection for 
mAMSB |26]. 

The predictions in the three soft SUSY-breaking sce- 
narios for two SUSY mass scales are shown in Figs.|2l 
[3] (2^. In the first figure the mass of the lighter scalar 
tau is shown in the CMSSM (left), mGMSB (middle), 
mAMSB (right) scenario for ^ > with their respec- 



TABLE 1. Minimum values for the CMSSM, mGMSB 
and mAMSB. Also shown are the individual contributions for 
Miy, sin^ 6eff> — 2)ji, BR(Z; sy) and M/,, as well as the 
value of BR(5j fx'^fl^). Shown in the last two rows are the 
best-fit values for the low-energy parameters, M^, tanjS and /l. 
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live total x^- The region with Aj^ — Xmm < ^ 

is medium shaded (green), the Aj' < 4 region is dark 
shaded (red), and the Ax^ < 9 region is light shaded (yel- 
low). The rest of the scanned parameter space is given in 
black shading. The light f has its best-fit values at very 
low masses, and even the Ax^ < 4 regions hardly exceed 
^ 500 GeV in mGMSB and mAMSB. Therefore in these 
scenarios there are good prospects for the ILC(IOOO) (i.e. 
with = 1000 GeV). Also the LHC can be expected 
to cover large parts of the Ax^ < 4 mass intervals. In 
the CMSSM scenario, on the other hand, this region ex- 
ceeds ^ 1 TeV such that only parts can be probed at the 
ILC( 1000) and the LHC. 

The predictions of the gluino mass, m^, are shown in 
Fig. [3] As before, the masses are shown in the CMSSM 
(left), mGMSB (middle) and mAMSB (right) scenarios 
for jj.> with their respective total x^- The color coding 
is as in Fig.|2] The gluino masses in the Ax^ < 4 regions 
range from a few hundred GeV up to about 3 TeV in 
mGMSB, exhausting the accessible range at the LHC. 
In the other two scenarios the Ax^ < 4 regions end at 
- 2 TeV (mAMSB) and - 2.5 TeV (CMSSM), making 
them more easily accessible at the LHC than in the 
mGMSB scenario. 

We now turn to the study performed in Ref. (2]\, fo- 
cusing on the CMSSM and the NUHMl. A large set of 
EWPO and BPO has been used to constrain the model, 
see Refs. f^Jl]*] for details. Also the CDM bounds have 
been taken into account. In this analysis an MCMC tech- 
nique (see, e.g., Ref. i27ll and references therein) has 
been used to sample efficiently the CMSSM parameter 
space. A global x^ function was defined, which com- 
bines all calculations with experimental constraints: 

N (f. p\2 ffobs _ ^fit \2 

^ 4-(T(C,)2 + (T(P,-)2^Y ^(/SM,)2 ^' 



Here is the number of observables studied, Q repre- 
sents an experimentally measured value (constraint) and 
each Pi defines a CMSSM parameter-dependent predic- 
tion for the corresponding constraint. The three SM pa- 
rameters /sM = {^c^had, fnt,mz} are included as fit pa- 
rameters and constrained to be within their cuiTent ex- 
perimental resolution C7(/sm)- With this a x^ probabil- 
ity function was constructed, Pix^ i^Aof)- This accounts 
correctly for the number of degrees of freedom, A^dof. and 
thus represents a quantitative measure for the quality-of- 
fit. Hence P{x^,Ndof) can be used to estimate the abso- 
lute probability with which the CMSSM describes the 
experimental data. 

In Fig.|4]we show the prediction derived in Ref. fl)^ 
for the CMSSM (left) and NUHMl (right) parameters 
based on the fit of the EWPO, BPO and astrophysical 
data. The plane in the two scenarios is shown, 

where the best-fit point is indicated by a filled circle, 
and the 68 (95)% C.L. contours from the fit as dark 
grey/blue (light grey /red) overlays, scanned over all tan j3 
and A() values. The CMSSM best-fit point has the pa- 
rameters mo = 60 GeV, mi/2 = 310 GeV, Aq = 240 GeV 
and tanj3 — 11, the NUHMl best-fit point has mq = 
100 GeV, m,/2 = 240 GeV, Aq = -930 GeV, tanjS = 7, 
mjj — —6.9 X 10^ GeV^. Furthermore shown are the 5 (7 
discovery contours for jet + missing Ej events at CMS 
with 1 fb-i at 14 TeV, 100 pb^^ at 14 TeV and 50 pb"' 
at 10 TeV centre-of-mass energy. They have been ob- 
tained for tanjS = 10 and Aq = 0, but do not vary sig- 
nificantly with these two parameters. The dark shaded 
area in Fig.|4]at low mo and high mi/2 is excluded due 
to a scalar tau LSP, the light shaded areas at low mi/2 do 
not exhibit electroweak symmetry breaking. The nearly 
horizontal line at /2 ~ 160 GeV has mr,± = 103 GeV, 
and the area below is excluded by LEP searches. Just 
above this contour at low mo in the lower panel is the 
region that is excluded by trilepton searches at the Teva- 
tron. One can see that the for the CMSSM as well as 
for the NUHMl the 68% likelihood contour is well cov- 
ered by the 14 TeV/100 pb^^ discovery reach, and even 
the 10 TeV/50 pb^' reach would be sufficient to dis- 
cover SUSY at the best-fit point. This offers very good 
prospects for the initial LHC running. 

CONSTRAINING M/, 

Since the lightest MSSM Higgs boson mass can be 
predicted in terms of the other model parameters (see 
Refs. 1I3I I28I1 for reviews), its preferred value can be fitted 
to the EWPO (and BPO) data, similar to the "Blue Band" 
plot in the SM 1 10]. For these analyses it is crucial not to 
include the contribution of M/, itself into the fit. 
We first review the results obtained in Ref. ll24l] . 
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FIGURE 2. The mass of the lighter scalar tau is shown in the CMSSM (left), mGMSB (middle), mAMSB (right) scenario for 
fi > with their respective total x^- The region with Ax^ '~ x} ~ Xmin < ^ medium shaded (green), the Ax^ < 4 region is dark 
shaded (red), and the Ax'^ < 9 region is light shaded (yellow). The rest of the scanned parameter space is given in black shading L24<1 . 
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FIGURE 3. The mass of the gluino is shown in the CMSSM (left), mGMSB (middle), mAMSB (right) scenario for > with 
their respective total Ii24,1 . The color coding is as in Fig.|2] 




mo [GeV] otq [GeV] 



FIGURE 4. The )!j()-m,/2 plane in the CMSSM (left) and NUHMl (right). The best-fit point is indicated by a filled circle, and 
the 68 (95)% C.L. contours from the fit as dark grey/blue (light grey/red) overlays, scanned over all tanjS and Aq values. The plot 
shows the 5(7 discovery contours for jet + missing Ej events at CMS with 1 fb^' at 14 TeV, 100 pb^' at 14 TeV and 50 pb^' at 
10 TeV centre-of-mass energy (for tan/3 = 10 and Aq = 0). 



where the three soft-SUSY breaking scenarios CMSSM, 
mGMSB and mAMSB are compared. As described 
above, the CDM has not been considered here. In Fig.|5] 
Mh is shown in the CMSSM (left), mGMSB (middle) 
and mAMSB (right) scenarios for jj. > with the cor- 
responding where the contribution of Mf, it- 
self has been left out. In this way the plot shows 
the indirect predictions for M/, without imposing the 



bounds from the Higgs boson searches at LEP 
29]. In all three scenarios a shallow minimum can 
be observed. The Ax^ < 1 regions are in the inter- 
vals of M,, = 98 ... 1 1 1 GeV (CMSSM), 97 ... 1 12 GeV 
(mGMSB) and 104... 122 GeV (mAMSB). In all three 
scenarios the A4 regions extend beyond the LEP limit of 
Mh > 1 14.4 GeV at the 95% C.L. shown as dashed (blue) 
line in Fig. |5] (which is valid for the three soft SUSY- 
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FIGURE 5. The M/, values in the CMSSM (left), mGMSB (middle) and mAMSB (right) scenarios for > with their respective 
y}, where the y} contribution of the M/, itself has been left out. The color coding is as in Fig.|2l The SM limit of 1 14.4 GeV obtained 
at LEP is indicated with a dashed (blue) line. 
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FIGURE 6. Left: Scan of the lightest Higgs boson mass versus ^y} ■ The curve is the result of a CMSSM fit using all of the 
available constraints (see text). The direct limit on M/, from LEP |6, 29] is not included. The red (dark gray) band represents 
the total theoretical uncertainty from unknown higher-order corrections, and the dark shaded area on the right above 127 GeV is 
theoretically inaccessible (see text). Right: Scan of the Higgs boson mass versus for the SM (blue/light gray), as determined 
by flOll using all available electroweak constraints, and for comparison, with the CMSSM scan superimposed (red/dark gray). 



breaking scenarios, see Refs. SHI). All three scenar- 
ios have a significant part of the parameter space with 
a relatively low total that is in agreement with the 
bounds from Higgs-boson searches at LEP. Especially 
within the mAMSB scenario the A;^^ < 1 region extends 
beyond the LEP bound of 1 14.4 GeV. 

The fact that the minimum in Fig.|5] is relatively 
sharply defined is a general consequence of the MSSM, 
where the neutral Higgs boson mass is not a free parame- 
ter The theoretical upper bound M/, J; 125 GeV (depend- 
ing somewhat on the GUT scenario) explains the sharper 
rise of the A;^^ at large M/, values. In the SM, is a 
free parameter and only enters (at leading order) logarith- 
mically in the prediction of the precision observables. In 
the MSSM this logarithmic dependence is still present, 
but in addition M/, depends on and the SUSY param- 
eters, mainly from the scalar top sector. The low-energy 



SUSY parameters in turn are all connected via RGEs to 
the GUT scale parameters. The sensit ivity on M/, in the 
analysis of Ref. [24] (and also in Ref. 120], see below) is 
therefore the combination of the indirect constraints on 
the few free GUT parameters and tan j3 and the fact that 
M/, is directly predicted in terms of these parameters. 

A fit as close as possible to the SM fit for M™ 
has been performed in Ref. ll2(j|l . All EWPO as in the 
SM lITotl (except Fw, which has a minor impact) were 
included, supplemented by the CDM constraint, the — 
2)^ results and the BR(/7 sy) constraint. The top quark 
mass used in this fit was m, = 170.9 ±1.8 GeV. The 
is minimized with respect to all CMSSM parameters for 
each point of this scan. Therefore, Aj^ = 1 represents 
the 68% confidence level uncertainty on M/,. Since the 
direct Higgs boson search limit from LEP is not used in 
this scan the lower bound on M/, arises as a consequence 



of indirect constraints only, as in the SM fit. 

In the left plot of Fig.|6] [20] the Aj^ is shown as 
a function of M/, in the CMSSM. The area with M/, > 
127 is theoretically inaccessible. The right plot of Fig.|6] 
shows the red band parabola from the CMSSM in com- 
parison with the blue band parabola from the SM. There 
is a well defined minimum in the red band parabola, lead- 
ing to a prediction of |20] M^^^m ^ llO+^g (exp) ± 
3 (theo) GeV, where the first, asymmetric uncertainties 
are experimental and the second uncertainty is theo- 
retical (from the unknown higher-order corrections to 
Ml, LS, JJ)- The most striking feature is that even with- 
out the direct experimental lower limit from LEP of 
114.4 GeV the CMSSM prefers a Higgs boson mass 
which is quite close to and compatible with this bound. 
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